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Before using any simulation method for load simulations, it must be verified and validated. However, it is not enough only
to find a discrepancy between the model and the reference data, but it is also required to identify the section within the
code responsible for any bugs. Therefore, the aim of this paper is to present a set of basic validation cases to be used in
fluid–structure interaction (FSI) simulations. By splitting the FSI method into its key functionalities of forces, torques,
translations, rotations, etc., each part of the coupling can be validated by itself with a specific case. Each of the cases consists of
a free decay pendulum in water. To gain experimental reference data, the cases are set up in a water basin and the motion over
time is recorded with an optical measurement system. In a second step, the validation cases are set up in a fluid–multibody FSI
code and simulated. The motions from numerical simulation and experiment are compared and used to draw a conclusion on
the integrity of the experimental data presented and the validity of the tested FSI code.

INTRODUCTION

The validation of a code is an essential step during development.
However, it is difficult to bring the virtual world of simulation
and the real world of measurements together. Therefore, often the
validation is replaced by verification.

Validation and Verification

Validation and verification are two answers to the same question:
whether a code is giving correct results. However, there is a distinct
difference. As outlined by Oberkampf and Trucano (2002), the
verification is the comparison to a known (numerical or analytical)
solution, while the validation is the relationship of a simulation to
the real world.

Therefore, any developed code needs to be validated to prove its
applicability and needs to be verified to benchmark it to the state
of the art. Within this paper a validation procedure is developed,
the reference experimental results are acquired, and the data are
used for the validation of a fluid–structure interaction (FSI) code.

Literature Review

In the literature, the cases for comparison of FSI are often highly
complex. This might be the result of the source of reference data.
As experiments are expensive in most cases, they are designed to
answer a specific technical question (e.g., Simms et al., 2001),
and the validation of a tool is a later step toward the goal of
reaching numerical experiments in a computational lab. Therefore,
the validation process itself is rather difficult, as the result is only a
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match or misalignment to the data and it is not known whether it
is a bug in the coupling of the FSI or in one of the participating
codes, a nonoptimal model setup, or measurement errors.

This is even emphasized for validation based on real world data
from full-scale testing. In this case, additionally, the incoming
disturbances are not known and it is only possible to validate
statistics (e.g., Kaufer and Cheng, 2014; Bittencourt et al., 2014).

On the other hand, a large variety of cases are designed specifi-
cally for verification of codes by means of a code-to-code (C2C)
comparison (e.g., Beyer et al., 2013; Robertson et al., 2014; Streiner,
2010; Turek and Hron, 2006). However, these cases fulfill the
step of verification but miss the step of validation as defined
above.

In a further step, some of these C2C cases are extended for
measurement in the laboratory; however, this often leads back to
the problem of complex cases (e.g., Lienhart and Gomes, 2006;
Robertson, 2015) and therefore nonspecific results of the validation
study.

Code and Model Validation

As discussed in the literature review, a typical validation process
compares an experiment of a model or full-scale real-world case to
the correlating simulation model—a model validation. However, the
results of such comparisons are difficult to decipher with respect
to the coupling code itself. Also, the validation of such a model
only gives information on the validity of this specific case. If the
tool is transferred to another application, the complete validation
procedure needs to be redone, including new, costly multiphysics
experiments.

To avoid those issues, the present study inverts the logical
approach of a model validation resulting in the code validation
procedure. The traditional model validation concludes from the
information that the model is valid to the information that the fluid,
structure, and coupling implementation are valid for the present
application (see Eq. 1). Vice versa, the code validation states that if
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the three implementations and setups are valid, the model is also
valid.

Model validity =̂ Fluid validity

+ Coupling validity

+ Structure validity

(1)

The validation is therefore split into the three single validations. The
validation of the fluid and structure is still application-dependent
and needs to be redone after a change. However, this step needs
to be done anyway for new applications of the two tools. The
advantage is that it can now be limited to single-physics validation
cases, which are much easier than multiphysics experiments.

On the other hand, the validity of coupling implementation is
application-independent and therefore does not need to be redone
but can be transferred without limitations. Subsequently, the cases
chosen for the validation of the coupling implementation are also
not bound to an application, so the cases can be designed to fit the
needs of the validation itself.

Given the validity of the fluid and structure solution for a specific
application, the results of the code validation methodology can be
transferred without limitations. For the equations and codes of the
coupling, there is no difference between vortex-induced vibrations,
rotor application, wave slamming, etc. Therefore, the validation
shown within the present study is a general-purpose validation.

VALIDATION CASES

Based on the lack of suitable validation cases in the literature,
a new set of cases is defined here. Each of them is specifically
designed to validate a single aspect of the coupling between a
previously stand-alone validated fluid and structural code. There is
no technical question answered but the validity of the FSI method.
Consequently, there is also no issue about model scale or full scale,
as the coupling is identical for both.

Furthermore, the available measurement equipment and facilities
need to be taken into account for the design of the cases. The
experimental setup and results are summarized here. The full details
can be found in the laboratory report (Koch, 2013).

Design of the Cases

Following the aims and issues mentioned above, three guidelines
for the design of the validation cases can be concluded:

• Limit the complexity of the interaction to a single new aspect
of the coupling with each experiment to simplify the search for
possible bugs.

• Limit the complexity of the fluid and the structure problem to
prevent unintended additional problems.

• Limit the complexity of the measurement and match the
experiment to it.

Based on these guidelines, the simplest structure problem is a
pendulum motion. Also, a pendulum gives the advantage of being
a rather precise combination of loads and motions. To result in a

No. Model Fluid load Motion

1 Spring pendulum Force Translation
2 Gravity pendulum Torque about Rotation about

pivot point pivot point
3 Bending pendulum Force, torque Flexibility

combined

Table 1 List of experiments

Fig. 1 Sketch of the overall experimental setup

significant impact of the fluid on this motion, the pendulum can
be placed in a fluid with approximately the same density. As a
pendulum has high amplitudes of motion, an optical measurement
system based on a camera and image processing can be used. These
thoughts lead to three experiments, as summarized in Table 1 and
detailed below. The resulting experimental setup is sketched in
Fig. 1.

Spring Pendulum. The first case is a spring pendulum. This case
can be used to validate the coupling of translations and forces,
which is the most basic communication of any FSI code. Rotational
motions and torque are physically not part of the case.

To simplify the fluid solution of this case, the mass of the
pendulum is a 6-cm cube moving vertically with a 45� inclined
position, as shown in Fig. 2. This inclination results in a well-
defined location of the flow separation on the mass at the sharp
side edges and can be subsequently predicted accurately in the
fluid simulation.

To result in a significant impact of the fluid on the motion, but to
avoid trouble with the buoyancy, the density of the material of the
mass should be slightly higher than the density of the surrounding
water. Also, the material needs to be easy to handle. Therefore, the
mass is made of cast resin with a density of �resin ≈ 1220 kg/m3.
The spring constant cspring was defined by heading for a frequency
in air on the order of magnitude ftarget ≈ 1 Hz (Eq. 2) to achieve
feasible measurements with the optical system. The mass and
spring are connected with a rigid aluminum rod to prevent the
spring from contact with the water surface. This results in the
properties shown in Table 2.

Fig. 2 45� inclined mass cube for the spring pendulum on chess-
pattern background (left) and sketch of dimensions and setup (right)
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Cube dimension acube = 0006 × 0006 × 0006 m

Cube orientation �cube = 45�

Structural mass at center mCoG = 0029 kg
of gravity (CoG)

Spring cspring = 8072 N/m
Material cube Resin 4�= 1220 kg/m35

Material rod Aluminum 4�= 2700 kg/m35

Position of CoG above lcube-CoG = 0001 m
center of cube

Rod length above center of cube lcube–pivot = 002 m
Rod cross section arod = 2305 × 2 mm

Table 2 Parameters of spring pendulum

Fig. 3 Experimental setup for the spring pendulum in air (basin
not yet filled with water)

To get a fixed reference point, the pendulum is attached to a
rigid frame during measurements, as shown in Fig. 3. The frame is
constructed from aluminum profiles and stiffened by prestressed
tethers.

ẍ+
cspring

mCoG
· x = ẍ+�2

0 · x = 0 (2)

Gravity Pendulum. The gravity pendulum is by its nature a
rotational motion with respect to the pivot point. Using this pivot
point as the center of the reference frame collapses all motions
to pure rotations and also loads to pure torque. On the one hand,
this experiment can therefore be used to validate the rotation and
torque communication; on the other hand, by moving the center
of reference away from the pivot, this experiment can be used to
validate combined rotation-translation and force-torque.

This case is based on the setup of the spring pendulum. The
same mass element is used but is now mounted with a roller
bearing on the pivot point at the upper end of the rod. The friction
of this bearing is negligible compared to the fluid damping in
water, as shown below. The rod is, for stiffness reasons, made of
aluminum and aligned to the direction of motion. It therefore raises
the CoG and impacts on the fluid, but in both cases the effect is
negligibly small. The length of the rod is defined to result again in
a frequency of approximately ftarget = 1 Hz in air. Also, the rigid
frame is the same for both cases.

Bending Pendulum. The bending pendulum differs from the
previous cases, as it is no longer rigid. This case is specifically
designed to extend the investigation from rigid structures to flexible
objects. Within this experiment, sheet metal is used as a spring
and steel blocks are attached at two locations on both sides of
the spring, as shown in Fig. 4. These additional masses are used

Fig. 4 Experimental setup for bending pendulum in air (basin not
yet filled with water)

Sheet metal cross section abend = 25 × 0075 mm

Length lframe-top = 212 mm
Material stainless steel 1.4310
Young’s modulus E = 190 GPa
Density �= 7900 kg/m3

Structural damping ratio � = 0000012
Mass point center locations lframe-mass = 8111 mm1207 mm9

Mass point dimension amass = 25 × 10 × 10 mm
Additional mass of point mpoint = 2019 g

mass (2× at each location)

Table 3 Parameters of bending pendulum

to reduce the first and second eigenfrequencies of the bending
pendulum to measurable values.

As the number of modes of this pendulum is infinite, the
oscillation does not consist of a single frequency anymore, but of
multiple frequencies. Each mode is excited based on the initial
static deflection; however, the contribution of the first mode to
the deflection is larger than the others by an order of magnitude.
Also, the damping of the higher modes is higher than that of the
first modes. As will be seen later in the results, the motion of this
pendulum is therefore dominated by the first eigenfrequency, and
the higher modes have a negligibly small impact on the results of
the analysis.

This case has the highest complexity of the present suite of
validation experiments. It combines all aspects of the FSI code
regarding the communicated loads and motions along with the
deflection of the surface. The parameters for this system are given
in Table 3.

Water Basin

As explained above, the focus on the design of the experiments
was to keep it simple. Therefore, the impact of the wall and free
surface vicinity should be small, leading to the requirement that the
basin needs to be large enough. According to Blevins (1979) and
Waugh and Ellis (1969), the surface vicinity changes the added
mass for a sphere with radius rsphere by approximately 5% if the
distance between the sphere center and wall is 2rsphere. This impact
is negligible if the distance is larger than 3rsphere. Based on the size
of the pendulum described above, a minimum water depth and
width of 180 mm are required.

Therefore, only the rough dimensions of the water basin and the
limitation that at least one side wall has to be transparent were
defined. With these values, an aquarium from the hardware store
was found to be the easiest solution fulfilling all requirements.
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The basin therefore has a cross section of 788 mm × 338 mm and
a possible water depth of 394 mm. The actual water depth and
temperature are given in the results below.

Optical Measurement System

The experiments are measured based on the time-dependent
location of the pendulum. This is done in two dimensions with an
optical measurement system, which is described here.

Layout. The key elements of the optical measurement system
are the camera system and the image processing, as sketched in
Fig. 1. The task of the camera system is the optical-to-digital
transformation of the experiment and its surroundings, while the
task of the image processing is the actual core of the measurement
to trace the motion.

However, if the camera system cannot supply a high-enough
quality of the digital image, the image processing is not possible.
The space and time resolution and the motion blur are especially
relevant. Multiple camera types have been tested, and a digital
single-lens reflex (DSLR) camera has proven to be the most
balanced among the available systems. Therefore, all measurements
have been done with a Canon 600D with 50 frames per second,
1/2,000 s exposure time, and 720p resolution.

Besides the quality of the camera itself, the orientation also
needs to be adjusted carefully. To prevent distortions, the camera
lens, the aquarium wall, and the plane of motion should be parallel.
Also, the camera needs to be centered and focused on the predicted
area of motion of the pendulum to increase the utilization of the
spatial resolution.

Image Processing. There are multiple ways to implement optical
position tracking with different complexities. The most used are
based on a pattern recognition method that can identify an object
and follow its position over time. However, the implementation and
usage of such a pattern method is difficult.

Therefore, a more basic approach is chosen based on a marker
on the object to trace and implemented in MATLAB. Within this
work, the marker is a red dot with ddot ≈ 8 mm. To reduce the
image such that it contains only the marker, each frame of the
video is turned from the original RGB image into a black-and-white
image based on Eqs. 3 and 4. As shown in Fig. 5, this works well
as long as there are no other reddish areas within the region of
motion of the image.

grey = red −
green

2
−

blue
2

(3)

bw =

{

1 grey > threshold
0 else

(4)

Fig. 5 Image color processing steps

However, as the region of motion is known, the search area can be
cut to search in the vicinity of the last known position. Therefore,
artifacts not removed by the color processing are cut away (cf.
Fig. 5, lower left), and the image processing collapses to find
the center of a single black circle on a white background. This
final step of image processing is done with the circular Hough
transform (MATLAB: imfindcircles), resulting in the position of
the center and radius of the marker. As the circle is averaged over
the outline of the black-and-white object, the center is evenly
calculated at a subpixel resolution. The pixel resolution depends on
the zoom of the camera and was, within this research, in the range
of ãx = 001∼005 mm/pixel.

The radius result is mainly used as a value to check the image
processing algorithm, as it should be constant over each experiment.
Changes in the radius therefore indicate measurement outliers
and can be removed from the results. The center position of the
marker, on the other hand, is the result of the experiment and can
be condensed by a harmonic analysis, as discussed below.

Calibration. For the calibration of the measurement system,
there are two main aspects. On the one hand, the scale of pixel to
millimeter needs to be known; on the other hand, the keystone
effect and distortion need to be known and compensated for.

To test for these, a chess pattern was printed and placed on the
plane of motion of the measured marker. This pattern is also visible
in the background of Fig. 5. To include the effect of the refraction
of the air–glass–water barrier, this is done including the water in
the basin.

By taking an image of this case, the corners of each square
can be located with image processing. The found coordinates are
then compared to the known real positions of the chess pattern to
conclude for the distortion and calibration.

The calibration tests showed that the distortion is due to the
rectangular setup of this case, with one to three pixels in the same
order of magnitude as the noise from the camera sensor. It can
therefore be neglected. Also, it revealed that the impact of the
refraction works only like a lens and is therefore included in the
pixel-to-millimeter scale factor.

EXPERIMENTAL RESULTS

Based on the setup defined above, the experiments are done in
the steps of initial check, oscillation in air, and oscillation in water.
The results are given below.

Accuracy of Manufacturing

Before the actual experiments, the accuracy of the manufacturing
was tested by 3D scanning with a GOM Atos triple scan unit. The
resulting high-resolution surface data are then compared to the
design geometry given above, and the deviation is shown in Figs. 6
and 7.

As can be seen in Fig. 6, for the spring and gravity pendulum,
the maximum deviation is on the rod with approximately 1 mm.
This is a rather high value; however, because of the direction of the
misalignment, there is no large impact to be expected. More critical
for the results would be the curvature and angular misalignment of
the surfaces. With values <005 mm on some corners and <002 mm
on the majority of the surface, they are negligibly small.

For the bending pendulum in Fig. 7, the maximum misalignment
is approximately 1.5 mm at the upper mass. As the size of the mass
and its geometry are correct, it is only a displacement to the side,
and the impact on the results can be neglected. The manufacturing
therefore delivered good, but not perfect, quality.
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Fig. 6 Surface deviation ã of spring and gravity pendulum from
design geometry

Fig. 7 Surface deviation ã of bending pendulum from design
geometry

Harmonic Analysis

Due to the characteristics of the flow around a cube, the damping
of the pendulums in water is expected to be highly nonlinear. While
the drag coefficient cd of the cube causes a quadratic damping
with the drag force Fd ∼ v2, the drag coefficient itself depends
also on the Reynolds number Re. Therefore, the damping of the
pendulum cannot be described by an analytical expression.

To enable a quantitative comparison of the data, the frequency f

and damping ratio � are simplified here by defining them based on
the first three oscillations of the pendulums. The choice of three
oscillations is arbitrary here; however, it is a good trade-off for
the number of total oscillations relevant for the validation and the
nonlinearity of the damping.

For the frequency f1–3, each peak-to-peak period of the first
three oscillations is calculated and averaged. For the damping ratio,
the logarithmic decrement �1–3 (Eqs. 5 and 6) is calculated and
transformed to the damping ratio �1–3 (Eq. 7). For more detailed
comparisons, the measured peaks in the oscillation for the three
pendulums are listed in the appendix.

�=
1
n

ln
x 4t5

x4t + nT 5
(5)

�1–3 =
1
3

ln
x0

x43T 5
(6)

�1–3 =
�1–3

√

42�52
+ �2

1–3

(7)

No. Model Frequency f Damping ratio �1–3

1 Spring 0.8741 Hz 00681 · 10−3

2 Gravity 1.073 Hz 1076 · 10−3

3 Bending f1st = 40973 Hz 207 · 10−3

Table 4 Eigenmotions in air

Oscillations in Air

Initially, all experiments are performed in air to determine
the baseline frequency of the pendulums. These results are later
used to compare to the analytic results and stand-alone structural
simulation, respectively. As only the friction and air viscosity are
relevant damping parameters for the spring and gravity pendulums,
the damping ratio is very small. For the bending pendulum, the
damping is dominated by the material damping of steel. Therefore,
a higher damping, especially on higher modes, is to be expected.
The results of the experiments in air are shown in Table 4.

Oscillations in Water

Due to the low density ratio of mass to fluid �mass/�fluid ≈ 102
(spring and gravity pendulums), there was a significant impact on
the motion. Especially on the first two oscillations, the damping
ratio was larger than on the later oscillations. In Figs. 8–10, an
exemplary motion for each pendulum is shown. The reason for this
initially increased damping ratio is the formation of the vortex
structure, which forms a set of stable vortices, as shown in the
computational fluid dynamics (CFD) results below (see Fig. 14).

Fig. 8 Motion of spring pendulum normalized to initial amplitude

Fig. 9 Motion of gravity pendulum
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Fig. 10 Motion of bending pendulum on upper (u) and lower (l)
marker position

Fig. 11 Comparison of repeated spring pendulum experiments

No. Model Frequency f Damping ratio �1–3

1 Spring 0.698 Hz 0.0893
2 Gravity 0.3666 Hz 0.1628
3 Bending f1st = 30623 Hz 0.1738

Table 5 Eigenmotions in water

Besides this impact on the damping ratio, there is also the added
mass effect. The added mass accounts for the water volume moving
with the pendulum mass and therefore reducing the frequency of
the pendulum. This effect is described in detail by Newman (1977).

The resulting motion parameters are shown in Table 5. Each
experiment has been done between three and six times to prevent
measurement uncertainties. Figure 11 shows the exemplary com-
parison of four repetitions of the spring pendulum experiment
to visualize the deviation between the experiments. As can be

Water Water level Water
depth hcube 6mm7 relative temperature T

No. Model h 6mm7 to final cube center 6�C7

1 Spring 297 132 15.9
2 Gravity 300 107 11.3
3 Bending 243 31 (above top) 15.5

Table 6 Water levels during experiment

seen, some noise in the results occurred; however, damping and
frequency are quite close together. The same quality of match
between the repetitions was also observed for the other experiments.
To account for the impacts of the fluid in the simulation, the state
of the water is given in Table 6.

VALIDATION OF THE FSI CODE

Within this section, the procedure for the validation of an
FSI code is presented. This procedure is then applied to a fluid–
multibody interaction (FMBI) code, which is a special type of FSI
simulation.

Validation Procedure

Above, three experiments have been defined. Based on these
specifically designed experiments, it is not only possible to identify
bugs in FSI codes but also to locate them. As shown in the flowchart
of Fig. 12, the results can be used to validate the code step by step.
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Fig. 12 Flowchart for validation procedure



208 A Validation Method for Fluid–Structure Interaction Simulations Based on Submerged Free Decay Experiments

Initially, the structural and CFD code should be validated stand-
alone to check for its basic feasibility relative to the present cases.
This can be done by comparing the structural solution to the
experiments in air and by comparing to literature results (e.g., Oka
and Ishihara, 2009).

After the initial check has been passed, the validation itself can
be started. Each case consists of two results: the frequency, which
can be used to validate the implementation of the coupling, and
the damping ratio, which can be used to check the accuracy of
the structural and CFD setup. Also, the numerical damping, as
present in explicit couplings shown by Arnold et al. (2014), can be
a possible reason for an increased damping ratio, which requires a
check. Furthermore, keep in mind that the buoyancy has an impact
on the frequency in water and needs to be taken into account either
in the CFD or analytically in the structural model.

By following the steps of the flowchart, the validation of the FSI
method can be concluded based on the four given simulations, or
the possible bug can be identified with the level of detail the code
reached.

However, keep in mind that this is only a validation of the code,
the transformations of loads and motions, and the implementation.
It is not a validation of the setup for any special purpose. To use it
for a special purpose (e.g., vibrations of a turbine blade), the CFD
and structural model need to be validated stand-alone as well.

Fluid–Multibody Interaction (FMBI) Code

The FSI code used within this research is a coupling of the
industry codes ANSYS CFX (ANSYS, 2012a) and SIMPACK
(SIMPACK, 2013). The coupling was developed by Arnold et al.
(2014) and used by Beyer et al. (2013) and Kretschmer (2014),
for example. It is a fully implicit coupling of a CFD tool and a
multibody tool. It is therefore special compared to classic FSI
methods based on the finite element method (FEM), as it does not
need the full geometry of the structure but only its properties.

Although it is faster than FEM, its level of detail is also reduced,
and the setup of the model needs to be done more carefully. One
of these aspects is that the multibody tool does not calculate the
actual surface displacement, but rather the six degree-of-freedom
(6 DoF) position of a marker. This marker might be the CoG or
any other location coupled to the object of motion. Also, loads are
only applied to this marker. The same method applies for flexibility.
Here the set of markers used is distributed along the centerline of
the flexible objects, each associated with a local 6 DoF position, as
discussed below.

Therefore, the actual surface displacement as a continuous field
is calculated from the discrete information and vice versa for the
loads. The full details and issues of this code can be found in the
literature mentioned above.

FMBI Model Setup

The structure is modeled in SIMPACK 9.5 with a variable
inner integration time step. The model contains the geometry
and structural properties for each case as well as the constant
loads like gravity or hinge friction. These properties can be used
for calibrating the solution to the in-air results, e.g., by slightly
increasing or decreasing the density and spring stiffness. For the
bending pendulum, a linearized beam model has been used, reducing
the number of variables to the number of modes taken into account.

The fluid model has been setup in ANSYS CFX 14.5 with
the shear stress transport (SST) turbulence model. As shown in
Fig. 13, high-quality hexa grids with up to 800,000 elements have
been used. The time resolution was chosen with approximately
1,000 time steps per oscillation. The impact of those values on the

Fig. 13 Grid for gravity pendulum

results will be detailed later. All other settings for the CFD code
and also for the structural code remained the default values.

CFD Stand-Alone Simulation

To validate the stand-alone behavior of the CFD code, two cases
are of relevance: on the one hand, the drag coefficient cd of a cube,
and on the other, the added mass coefficient cm. For each of these,
a 2D baseline case has been set up and compared to literature.

For the added mass, several geometries are simulated transiently
with a forced oscillation. Based on a curve fit to the load and motion
time series with the Morison term for added mass (Eq. 8), cm was
derived. As shown in Table 7, the results match the literature. The
same match has been proven for rotational added mass, but for
brevity it is not shown here.

Fm = −Vref� · cm (8)

To validate the drag coefficient, the square cross section is simulated
for the Reynolds numbers Re = 85512009 inclined by �cube = 45�

and not inclined, �cube = 0�. In Table 8, the results of drag coefficient
cd and Strouhal number Sr compared to literature are shown. The
match of these is not perfect, but acceptable.

Spring Pendulum

As stated above, the spring pendulum is a case with only the
most basic communication of the codes physically present. Only

Case Vref CFX (Newman, 1977)

Circle �a2 0099968 1

Ellipse 2:1
�a2

2
0050017 005

Ellipse 4:1
�a2

4
0024977 0025

Flat plate �a2 1000651 1

Square 4a2 1018657 101885

Table 7 Added mass coefficient cm
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Re �cube CFX (Sohankar et al., 1998)

55 0� cd = 105
Sr = 00111

cd = 1061
Sr = 00119

45� cd = 10576
Sr = 00142

cd = 1058
Sr = 00146

200 0� cd = 10365
Sr = 00122

cd = 1044
Sr = 00166

45� cd = 10938
Sr = 00197

cd = 1097
Sr = 00205

Table 8 Drag coefficient cd and Strouhal number Sr for square
cylinder

Fig. 14 Vortex pattern around spring pendulum at 0 crossing after
1.5 oscillations

a one-directional force opposing the one-directional motion is
part of the solution. Therefore, an error in the simulation of the
spring pendulum would be an indicator of an error in the basic
communication. The case has been simulated with a baseline setup
and compared to the experimental data. Furthermore, this section
extends to the impact of numerical parameters and the case integrity.

Baseline Case. The flow field around the cube of the spring
pendulum consists of several vortices, as shown in Fig. 14. As
expected, the flow separation occurs at both side edges, resulting in
a fully attached flow on the leading half of the cube and a fully
detached flow on the other half. While the cube decelerates, the
vortices continue with their velocity, overtake the cube, and leave
the near field of the pendulum, as can be seen on the lower half of
Fig. 14. This pattern of motion repeats with each half cycle of the
oscillation, causing a rising number of vortices radiating from the
pendulum.

The resulting energy dissipation combined with the viscous
friction causes the pendulum motion to be damped over time,
as shown in Fig. 15, which also shows the comparison to the
experimental results. As can be seen, the match is good, but not
perfect, with a mismatch in frequency f of 1.8% and damping
ratio calculated from the first three oscillations �1–3 of 6.1%.

It could be suspected that this mismatch is a result of the
nonideal geometry in the experiments (cf. Fig. 6). To check for
this, an additional grid and model have been set up based on
the manufactured geometry. However, this simulation revealed an
increase of only 3% of the frequency.

The reason for the overprediction of the added mass described
above was not found. Nevertheless, based on this comparison, this
step in the validation process can be closed and the validity of the
basic communication of force and translation is confirmed.

Fig. 15 Time series of spring pendulum normalized in accordance
with Fig. 8

Fig. 16 Impact of time step resolution to simulated frequency fFSI

and damping ratio �1–3

Impact of Time Step Resolution. As shown in Fig. 16, the actual
value of the damping depends on the time step resolution. With
a decreased resolution of time, the damping ratio �1–3 increases,
while the frequency is more or less independent from time step.
Only the largest time steps result in errors for the frequency.

An interesting result is that a resolution of only 10 time steps
per oscillation still results in the correct order of magnitude for
damping and frequency. Due to the implicit algorithm of the FMBI
used here, this resolution can therefore still be used if only a rough
estimation is requested from the simulation.

Impact of Grid Resolution. Besides the time step resolution,
the grid resolution is the second largest impact on the quality of
simulations. However, as shown in Fig. 17, the present case of
the spring pendulum is quite insensitive to changes in the grid
resolution. As observed for the time step resolution, a very coarse
resolution is sufficient for the added mass and frequency calculation.
Even with only six nodes along each cube edge, the results showed
acceptable accuracy. The simulation of the damping requires a
higher resolution.

As described above, despite this low limit for grid independence,
high-resolution grids with approximately 800,000 elements are
used within this research. The computational resources required
by this grid resolution are still acceptable. However, the fine
resolution increases the confidence level of the simulations for grid
independence under all conditions occurring within this research.

Cross Check to Potential Methods. As this study is no “double
blind” test, the results of the experiments are known to the simula-
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Fig. 17 Impact of grid resolution on simulated frequency fFSI and
damping ratio �1–3

tion ex ante. Therefore, the possibility of tuning the simulation to
match the results of the experiment exists. Therefore, a systematic
measurement error might stay unrevealed. To prove the integrity
of both data sets, a third data set generated with an independent
method is required.

This is done here by calculating the added mass with AQWA
(ANSYS, 2012b). AQWA is a state-of-the-art implementation of
the boundary element method to calculate the frequency-dependent
added mass and response amplitude operators (RAOs). By setting
up the cube far below the water surface, the added mass can be
calculated as a result of the potential theory.

As with any potential theory model, AQWA cannot calculate the
viscous drag. Therefore, the undamped frequency f0 is compared
here, calculated from the added mass and harmonic equation (Eq. 9),
respectively, and from the damped frequency f and damping ratio
�1–3 (Eq. 10). This study is done for a range of aspect ratios of the
cube, as shown in Fig. 18, to ensure that it is not a single match.

f0 =
1

2�

√

c

mCoG +madded mass
(9)

f0 =
f

√

1 − �2
(10)

Over the full range of aspect ratios, there is a good correlation of
AQWA and the FMBI. The largest mismatch occurs for a cube with
aspect ratio 10, a result of the increasing boundary layer thickness
compared to the object size. However, the overall misalignment is

Fig. 18 Comparison of FMBI, 4dt · f 5−1
= 50, and AQWA for

changing aspect ratios of the cube with constant mass and volume

Fig. 19 Time series of angular position of gravity pendulum

small enough to state the validity of the methods and the integrity
of the experimental data.

Gravity Pendulum

The gravity pendulum is the second experiment within the
validation process. This case can be used for two validation
steps. On the one hand, when the reference coordinate frame of
communication is defined to be in the hinge point, the fluid loads
of drag and added mass collapse to a single torque value around
this point, and obviously the motion is a single rotation. In the first
step, this case can therefore be used to validate the communication
of torque and rotation.

On the other hand, when the reference frame is defined to be in
an arbitrary location and orientation, the loads are a combination of
force and torque, and the motion is a combination of rotation and
translation. However, independent of the coordinate system, the
results should be identical. This experiment can therefore also be
used to validate the full rigid body FSI.

A point that needs to be addressed while setting up the model
is the impact of the buoyancy. Different from that of the spring
pendulum, the frequency of the gravity pendulum depends on the
value of gravity (9.8127 m/s2 in Germany) and the buoyancy of the
pendulum itself. This can be accounted for in the simulation either
by using the hydrostatic pressure in the CFD or by applying a
force in the structural solver. The latter is preferred and is chosen
in the present study, as this does not interfere with the intended
torque-only communication of this case.

Figure 19 shows the results for this case. As can be seen, the
frequency is 4.6% lower and the damping is 2.2% higher than
the experiment. This correlates with the above results indicating
an overprediction of the added mass. As was done for the spring
pendulum, a wide range of possible impacts, such as water density,
the bearings, the rod, free surface vicinity, the basin walls, the
geometry, etc., have been simulated and investigated. However,
none of these fully explained the above deviation and therefore
none are shown here for brevity.

For the second part of this experiment, two additional coordinate
frames were used, and the results match perfectly to the torque-only
simulation shown. This step in the validation process can therefore
be closed, and the validity of the torque, as well as the full rigid
body, communication is confirmed.

Bending Pendulum

The bending pendulum is the third and final experiment. It
extends the complexity of the case to the full capabilities of
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Fig. 20 Deflection and velocity in symmetry plane over time
(0 s =̂0, 0.141 s =̂� and 0.294 s =̂2�5

an FSI simulation, including flexibility and surface deformation.
Therefore, this case is used to validate the simulation of flexibilities,
and a mismatch would indicate a bug in the load distribution or
correspondingly the surface interpolation part of the FSI code.

As shown in Fig. 20, the case starts with the steady deflection of
the bending pendulum. While the lower end of the bending spring
is fixed to the ground, the upper starts oscillations. During this
motion, the square cross section of the sheet metal creates a wake
vortex moving with the surface. As already observed for the rigid
objects above, this vortex passes the bending spring on the point of
maximum deflection, causing a high damping.

As described above, for flexible objects the FMBI relies on
a discretization based on a finite number of markers used to
communicate the local 6 DoF position (cf. Fig. 20, left frame).
For the present case, the number of these was varied from two
to nine to investigate the impact of this parameter. When only
two markers were used (only the top and bottom end information
was transferred), the FMBI could not maintain the correct mode
shape on the bending pendulum, causing instability on the second
eigenfrequency. On the other hand, using three markers (bottom and
deflection of the both masses were communicated) was sufficient
to result in the same mode shape, frequency, and damping as with
nine markers (deviation < 002%). The FMBI code therefore can
simulate flexible objects with a very low amount of communicated
information.

Fig. 21 Time series of upper marker displacement of bending
pendulum

Bringing the experiment and simulation together for validation
leads to the comparison shown in Fig. 21. As can be seen also for
the bending pendulum case, there is a nice match of simulation
and experiment with 1.2% underestimation of frequency and 2.2%
underestimation of damping ratio. However, the match is as good
as could be expected. Therefore, this final step in the validation
process can be closed, and the validity of the full fluid–multibody
interaction (FMBI) code is confirmed.

CONCLUSIONS

Within this study, pendulums have been designed to be used
for the validation of fluid–structure interaction (FSI) codes, and a
procedure for validation is defined. The pendulums are measured
in a water basin with an optical measurement system. Each of
these experiments can then be used to validate the FSI step by step,
indicating the specific type of bugs in case of a mismatch.

The developed procedure is used in a second step to validate a
fluid–multibody interaction (FMBI) code based on ANSYS CFX
and SIMPACK. This validation process concludes with a good
match of experiment and simulation that can be used to state the
validity of the FMBI code and also the integrity of the measured
data.
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APPENDIX

Within this appendix, the peak values of the measured oscillations
are listed in Table 9 for the spring pendulum, in Table 10 for the
gravity pendulum, and in Table 11 for the bending pendulum. The
time resolution is 0.02 s.

Oscillation in Air Oscillation in Water

Peak value Peak value
# Time t 6s7 x 6mm7 Time t 6s7 x 6mm7

1 0 64089 0 50.37
2 0058 64082 007 −34046
3 1016 6407 1042 23.01
4 1074 63087 2014 −16051
5 203 64032 2086 12.72
6 2086 63055 3056 −11034
7 3046 63064 4026 9.24
8 4002 63056 4098 −8024

Table 9 List of measured peak positions for spring pendulum

Oscillation in Air Oscillation in Water

Peak value Peak value
# Time t 6s7 � 6�7 Time t 6s7 � 6�7

1 0 45095 0 45085
2 0048 −45003 1044 −1307
3 0094 4504 2092 6014
4 104 −4407 4026 −3095
5 1088 44092 506 2086
6 2034 −44013 6088 −2039
7 2082 44043 8022 2001
8 3028 −4309 9058 −1067

Table 10 List of measured peak positions for gravity pendulum

Oscillation in Air Oscillation in Water

Peak value Peak value
# Time t 6s7 x 6mm7 Time t 6s7 x 6mm7

1 0 30048 0 45026
2 001 −30098 0016 −21033
3 002 29096 003 9051
4 003 −30002 0044 −5063
5 004 29045 0056 3012
6 005 −29082 007 −3013
7 006 28097 008 1033
8 007 −29042 0096 −1092

Table 11 List of measured peak positions for bending pendulum
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